BACKGROUND: Short-chain fatty acids (SCFA) are produced by colonic microbiota from dietary carbohydrates and proteins that reach the colon. It has been suggested that SCFA may promote obesity via increased colonic energy availability. Recent studies suggest obese humans have higher faecal SCFA than lean, but it is unclear whether this difference is due to increased SCFA production or reduced absorption. OBJECTIVES: To compare rectal SCFA absorption, dietary intake and faecal microbial profile in lean (LN) versus overweight and obese (OWO) individuals. DESIGN: Eleven LN and eleven OWO individuals completed a 3-day diet record, provided a fresh faecal sample and had SCFA absorption measured using the rectal dialysis bag method. The procedures were repeated after 2 weeks. RESULTS: Age-adjusted faecal SCFA concentration was significantly higher in OWO than LN individuals (81.3 ± 7.4 vs 64.1 ± 10.4 mmol kg − 1 , P = 0.023). SCFA absorption (24.4 ± 0.8% vs 24.7 ± 1.2%, respectively, P = 0.787) and dietary intakes were similar between the groups, except for a higher fat intake in OWO individuals. However, fat intake did not correlate with SCFAs or bacterial abundance. OWO individuals had higher relative Firmicutes abundance (83.1 ± 4.1 vs 69.5 ± 5.8%, respectively, P = 0.008) and a higher Firmicutes:Bacteriodetes ratio (P = 0.023) than LN individuals. There was a positive correlation between Firmicutes and faecal SCFA within the whole group (r = 0.507, P = 0.044), with a stronger correlation after adjusting for available carbohydrate (r = 0.615, P = 0.005). CONCLUSIONS: The higher faecal SCFA in OWO individuals is not because of differences in SCFA absorption or diet. Our results are consistent with the hypothesis that OWO individuals produce more colonic SCFA than LN individuals because of differences in colonic microbiota. However, further studies are needed to prove this.
INTRODUCTION
Short-chain fatty acids (SCFA): acetate, propionate and butyrate are anions in human faeces present in a molar ratio of~60:20:20, respectively. 1 SCFA are produced by the colonic microbiota through anaerobic fermentation. The chief substrates for colonic fermentation are undigested carbohydrates, namely dietary fibre and resistant starch and, in smaller amounts, proteins. 2 Shortchain fatty acids are readily absorbed from the lumen 2 and are used as metabolic precursors; acetate is utilised for lipogenesis in the liver and as a fuel source once it enters the peripheral circulation. Propionate is largely taken up by the liver and is used as a substrate for hepatic gluconeogenesis. Butyrate is the major fuel source for colonocytes. 3 Recently, the role of SCFA as a contributor to obesity has been highlighted. Studies on mice suggest that the obese microbiota, characterized by a high Firmicutes to Bacteriodetes ratio (F:B), 4 promotes obesity because of excess SCFA production and thus increased colonic energy availability that may contribute to weight gain. 5 In agreement with this, some obese humans have been found to have higher faecal SCFA concentrations than lean individuals; 6, 7 however, the results for F:B ratio have been inconsistent. 6, 8 An increase in faecal SCFA concentration could be due to several factors, including reduced colonic SCFA absorption, 9 reduced colonic transit time 10 or increased SCFA production due to differences in dietary intake 11, 12 or colonic microbiota. 13, 14 A previous study from our lab found a large range of SCFA absorption rates in lean participants, and, across this range, there was an inverse relationship between rectal acetate absorption and faecal acetate concentration. 9 Therefore, a higher SCFA concentration in obese individuals may be a result of lower SCFA colonic absorption. However, this possibility has not been investigated. Moreover, there has been little research examining differences in dietary intakes, microbial profile and gut transit time, factors that may determine the difference in faecal SCFA concentrations between these groups. Therefore, in this pilot observational study, our primary objectives were to compare the rate of SCFA absorption from the rectum in LN and OWO individuals and to examine the relationship between rectal SCFA absorption and faecal SCFA concentrations. Our secondary objectives were to compare dietary intake, microbial profile and gut transit time in LN and OWO subjects and to see whether these variables relate to faecal SCFA.
SUBJECTS AND METHODS Subjects
Twenty-two (22) male or non-pregnant, non-lactating females over the age of 17 years were recruited via advertisements posted around the University of Toronto campus and from a pool of subjects previously involved in studies by our group. Participants were divided into two groups based on their BMI: 11 participants in the LN group (BMI ⩽ 25) and 11 participants in the OWO group (BMI>25). Individuals were excluded for any of the following reasons: regular user of antibiotics (⩾1 course per year over the last 5 years), any use of antibiotics, laxatives or other drugs known to influence gastrointestinal function within 3 months of the study, presence of inflammatory bowel disease, malabsorption, gastrointestinal infection, short bowel or other conditions affecting gastrointestinal function, or any recent (3 months before the study) illness or surgery requiring hospitalisation. Ethical approval was obtained from the Research Ethics Board, University of Toronto. Written informed consent was obtained from all participants.
Eligible participants completed questionnaires that provided demographics, medical history, drug use and physical activity data. 15, 16 Their height and weight were measured, and they were given instructions on how to complete a 3-day dietary intake history, fill out a 3-day bowel habit diary and collect a faecal sample in a plastic bag (Ziploc, S.C.Johnson & Son, Racine, WI, USA) using the Fisher brand commode specimen collection system (Fisher Scientific, Ottawa, ON, Canada). After this, subjects participated in two 4-day study periods separated by a 2-week washout period.
Study period protocol
For the first 3 days of each study period, subjects kept a diet record and filled out the bowel habit diary. On the 3rd day, after picking up a Styrofoam box full of dry ice and faecal-collection kit, subjects collected a fresh stool sample, which was immediately placed onto dry ice. Subjects came to the laboratory on the morning (between 0800 and 1000 hours) of the 4th day after eating their normal breakfast. After handing in their diet record, bowel habit questionnaire and faecal sample, two breath samples were collected as described elsewhere. 17 Subjects then underwent a procedure to measure rectal SCFA absorption using a rectal dialysis bag method that has been validated previously by others. 18, 19 First, subjects put~5 cm of the end of a piece of Tygon flexible plastic tubing (Norton Performance Plastics, Akron, OH, USA; o.d. 5 mm) into their rectum, infused 500 ml of water and emptied their colon; they repeated this step if the return was not clean. Subjects then waited 15 min to ensure that there was no further urge to void and inserted a dialysis bag containing SCFA solution into their rectum. The bag consisted of dialysis tubing (o.d. 16 mm; Dialysis Tubing Cellulose Membrane AVG, Sigma-Aldrich, St Louis, MO, USA) that had been knotted at one end and filled with 10 ml of a solution containing 150 mmol l − 1 of SCFA in a molar ratio of 90:30:30 mmol l − 1 AC: PR:BU, respectively. After expelling any air bubbles, the opposite end was tied and the filled dialysis bag weighed. The length of the filled portion of the dialysis bags was 5 cm, and an 8-10 cm length of empty tubing was left attached to facilitate removal of the tubing from the rectum. After careful instructions, each participant inserted a dialysis bag, covered with a small amount of water-soluble lubricant (K-Y Jelly), into his or her rectum until the distal end was 2 cm from the anal sphincter. After 30 min the dialysis bag was gently removed by pulling the protruding long end and immediately processed for analysis. Approximately, 2 weeks after completing the first 4-day study period, subjects underwent a second study period using the same protocol, including the diet record, bowel habit diary, faecal sample collection and rectal SCFA absorption procedure.
Sample handling
After retraction from the rectum, the dialysis bag was weighed to detect volume changes, and a 3-ml syringe with a 21G1½ needle was then used to collect 1 ml of the solution from the dialysis bag. The rest of the solution was carefully emptied out of the bag and the empty bag was weighed again. The net solution weight was calculated by subtracting the weight of the bag before and after the procedure. The 1-ml samples were immediately stored at − 70°C for later analysis. Frozen faecal samples were kept at − 20°C before analysis. pH and SCFA analysis After faecal samples were thawed, they were homogenised. pH was determined by a pH meter and faecal SCFA concentrations were determined by gas chromatography (GC) as previously described. 17 After thawing the supernatants from the rectal dialysis bag, they were diluted 1:500 with double distilled water, centrifuged and subsequently analysed by GC.
Questionnaires
Intake of nutrients was calculated from the 3-day diet records using ESHA Research's Food Processor SQL, Version 10.9.0. A self-administered bowel habit questionnaire provided a subjective assessment of bowel function. Participants assessed the following characteristics for each bowel movement during the 3-day diet record: ease of movement (scale: from 0 easy to pass, to 6 difficult to pass); stool consistency (scale: 0-watery, 2-soft, 4-formed, 6-very hard); frequency of flatulence, presence of cramping, presence of bloating (scale: 0-none, 2-mild, 4-moderate, 6-severe).
Analysis of faecal microbiota
DNA extraction and Ion Torrent V6 16S rRNA sequencing were performed as described elsewhere. 20 
Statistical analysis
The percentage of SCFA absorption was calculated as the mmol of SCFA that disappeared from the dialysis bag divided by the mmol of SCFA present at baseline (SCFA bl ) multiplied by 100:
A mixed model approach was used for all statistical tests to account for the repeated measurements (two visits for each participant) performed by using SAS Version 9.3. Residuals from final models were assessed to ensure that model assumptions were met. Differences in faecal SCFA concentration, SCFA absorption and bacterial composition between the LN and OWO groups were assessed in three models: without adjustment, with adjustments for age and with adjustments for both age and carbohydrate intake. The effect of faecal SCFA concentration on SCFA absorption and the interaction between faecal SCFA concentration and subject group were tested.
To examine our secondary objective, dietary intakes and microbial profile were used as predictors for faecal SCFA concentration using a mixed model analysis. For microbial relative abundance, dietary intakes were used as predictors. A combination of dietary intakes and microbial abundance was used to test for a better model, and presented only if the model was still significant (that is, firmicutes and CHO predicted faecal SCFA better than firmicutes alone). The correlation coefficients between the SCFA, dietary intake and bacterial relative abundance were calculated by Pearson's r-test (IBM SPSS Statistics version 21) using the average value of the two study periods. The P-value of the correlation was calculated by using SAS Proc-Mixed to control for the repeated measurements. In all the correlation tests, inclusion of the effect modification of the group tested our hypothesis, because a significant interaction provides evidence for a different pattern of effect between the LN and the OWO groups. Only significant interactions are presented. Differences in P-values ⩽ 0.05 (2-tailed) were considered to be statistically significant. The results are expressed as means ± s.e.m.
To examine whether changes in energy, fat, carbohydrate and fibre intakes were associated with similar changes in faecal SCFA concentrations in LN vs OWO participants, we compared faecal SCFA concentrations after the diet period with the lower intake in each subject with faecal SCFA after the diet period with the higher intake.
Sequencing analysis
The weighted UniFrac distances were calculated in QIIME 21 by using a phylogenetic tree of OTU sequences built with FastTree 22 and based on an OTU sequence alignment with MUSCLE. 23 The QIIME pipeline was also used to calculate Shannon's diversity index (logarithms with base 2) ( Supplementary Figure 2) . A modified version of the ALDEx R package 24 was used to compare relative abundances of ribotypes at different taxonomic levels between the LN and OWO groups. Microbiome data are best represented as compositional distributions and are thus not independent of each other. 24, 25 The correct interpretation of data of these types is to state that the relative abundance of A is greater or less than B. 26 Therefore, to compare relative abundances we used the ALDEx R package that estimates the technical variation inherent in high-throughput sequencing by Monte-Carlo sampling from a Dirichlet distribution. 27 The Monte-Carlo replicates are transformed using the centred log-ratio transformation 26 that takes the base2 logarithm of the Monte-Carlo estimates of organism abundances in each sample divided by the persample geometric mean organism abundance. This transformation has several desirable properties that do not exist in proportional data; notably, subcomposition coherence and linear sample independence. Data transformed in this way permit the use of standard statistical tests to determine significance. 26 We used the median-centred log-ratio value output by ALDEx2 to conduct statistical significance for these comparisons and for the F:B ratio using a SAS Proc-Mixed with Po0.05. 28 
RESULTS
Participant characteristics OWO subjects had significantly higher BMI (P o 0.0001) and breath methane (P = 0.043) than LN, but there was no significant difference between the two groups in age (P = 0.262), gender (χ 2 = 0.669), ethnicity (χ 2 = 0.665), physical activity (P = 0.838), faecal consistency (P = 0.317), frequency of evacuation (P = 0.425) and breath hydrogen (P = 0.129) ( Table 1) .
Faecal SCFA and microbiota The OWO group had significantly higher total faecal acetate, butyrate and total SCFA concentrations compared with the LN group after adjusting for age ( Table 2) . Without age adjustment, the differences were not significant ( Table 2) . No significant differences were seen in iso-butyrate, iso-valerate and valerate concentrations between the groups. Mean SCFA absorption from the dialysis bags was similar between the OWO and the LN groups ( Table 2) . Among all bacterial phyla, only the relative abundance of the Firmicutes phylum was significantly different between the LN and the OWO group ( Supplementary Figure 1) with the aggregated relative abundance of Firmicutes being increased 2.8fold in the OWO compared with LN group (P = 0.008) ( Table 2) . There was a fivefold difference in the ratio between the relative abundances of Firmicutes and Bacteroidetes (P = 0.023, or P = 0.0098 when adjusted for age) ( Table 2 ).
Dietary intake
The average consumption of all dietary nutrients did not differ significantly between the groups, except that fat intake (g per day, but not % energy) was higher in the OWO group (P = 0.014). Available carbohydrate intake was similar between the groups when expressed as g per day, but when expressed as % energy was higher in the LN group (P = 0.028) (Supplementary Table 1 ).
Group interactions
The model for SCFA absorption showed a significant interaction between faecal SCFA concentration and group (P = 0.04), indicating a general trend for OWO individuals to absorb more SCFA from the dialysis bag when their faecal SCFA concentrations are higher ( Figure 1) .
The mean changes within participants in faecal acetate concentration associated with increases in dietary intakes (energy, dietary fibre and fat) differed significantly between LN and OWO subjects. In the OWO group, the diet period with the higher energy intake (2430 ± 123 vs 2030 ± 82 kcal per day) was associated with higher faecal acetate (50.8 ± 5.5 vs 39.8 ± 4.7 mmol kg − 1 ), whereas in the LN group the diet period with the higher energy intake (2120 ± 117 vs 1870 ± 126 kcal per day) was associated with lower faecal acetate (33.6 ± 3.8 vs 36.5 ± 33.6 mmol kg − 1 ; diet × group interaction, P = 0.009) (Figure 2a ). Similarly, in the OWO group, the diet period with the higher dietary fibre intake (23.7 ± 1.7 vs 19.7 ± 1.9 g per day) was associated with higher faecal acetate (48.5 ± 5.3 vs 42.1 ± 5.0 mmol kg − 1 ), whereas in the LN group the diet period with the higher dietary fibre intake (25.4 ± 3.4 vs 22.1 ± 3.5 g per day) was associated with lower faecal acetate (32.1 ± 4.0 vs 38.1 ± 4.0 mmol kg − 1 ; diet × group interaction, P = 0.03) ( Figure 2b ). Finally, in the OWO group the diet period with the higher fat intake (106.2 ± 5.0 vs 84.5 ± 4.3 g per day) was associated with higher faecal acetate (49.7 ± 5.7 vs 41.0 ± 4.8 mmol kg − 1 ). whereas in the LN group the diet period with the higher fat intake (82.6 ± 5.8 vs 69.7 ± 6.2 g per day) was associated with the lower faecal acetate (32.2 ± 4.1 vs 37.9 ± 3.9 mmol kg − 1 ; diet × group interaction, P = 0.03) (Figure 2c ).
Correlations between Faecal SCFA, microbiota and dietary intakes
Significant predictors for faecal SCFA concentrations and for Firmicutes abundance are presented in Table 3 . Significant predictors for faecal SCFA were protein (g per day) (r = 0.408, P = 0.004) and the Firmicutes relative abundance (r = 0.507, P = 0.044), and the result was more significant after adjusting for available carbohydrate (r = 0.615, P = 0.005). Significant predictors for the Firmicutes relative abundance were available carbohydrate (r = − 0.185, P = 0.008), fibre (r = − 0.477, P = 0.015) and BMI (r = 0.502, P = 0.017).
DISCUSSION
Our findings suggest that the OWO have higher faecal SCFA than LN, with no difference in rectal SCFA absorption. Therefore, the higher faecal SCFA concentration in the OWO group is unlikely to be due to lower colonic SCFA absorption. The higher SCFA concentration is also not likely to be due to different dietary intake. Although fat intake was higher in the OWO individuals compared with the LN individuals, no significant correlations were observed between fat intake and faecal SCFA concentration. We found a higher relative abundance of Firmicutes and F:B ratio in the OWO group. These findings, together with the positive correlation between Firmicutes and faecal SCFA, are consistent with the hypothesis that OWO have higher faecal SCFA concentrations owing to the obese microbial profile, which is more efficient in fermenting substrates than the lean microbial profile. Consistent with other studies, 6, 7, 29 the OWO individuals in the present study had a higher faecal SCFA concentration compared with their LN counterparts after adjusting for age. We adjusted for age because a larger study from our lab revealed a significant negative correlation between age and faecal SCFAs (Fernandes et al. submitted manuscript). The current results are consistent with this in demonstrating a negative trend between the individual and total SCFAs and age (P o 0.05 for propionate and valerate, P o0.09 for total SCFA and butyrate). Moreover, a decrease in faecal SCFA with age was also found in mice, 30 dogs, 31 as well as in human serum. 32 Faecal SCFA are typically measured to reflect the colonic production of the SCFA; however, they are also a surrogate measurement of the SCFA absorption from the colon. The similar capability of the LN and OWO groups to absorb SCFA in this study suggests that reduced SCFA absorption is not the reason why OWO subjects have a higher faecal SCFA concentration than LN individuals. This conclusion was supported by the finding that there was no association between faecal SCFA and SCFA absorption within the whole study group. In our study, the total and individual SCFA were absorbed in proportion to their concentration inside the dialysis bag (data not shown). The concentration-dependent absorption points to passive diffusion as a predominant mechanism, as has been previously suggested. 33, 34 However, as the pH of the lumen is~5.6 to 6.6 (ref. 35) (6.6 in our participants), more than 95% of the SCFAs are in the anionic form, 1 and anionic SCFA cannot be absorbed via simple passive diffusion but rather by a facilitated passive diffusion. The Monocarboxylate Transporters (MCT1) and the sodium-coupled MCT (SMCT) were suggested to facilitate the transport of SCFA . Group and dietary components interactions with faecal acetate concentration; Group by Energy intake interaction with faecal acetate concentration (a), Group by fibre intake with faecal acetate concentration (b), Group by fat intake interaction with faecal acetate concentration (c). Low, visit with lower intake; high, visit with higher intake. § adjusted for energy.
from the lumen into the colonocytes and blood. 36, 37 A possible explanation for the group × faecal SCFA interaction seen for SCFA absorption could be the ability of the colonic SCFAs to upregulate the MCT gene expression and function. 11, 38, 39 Within the OWO group, individuals with a higher colonic SCFA concentration had more SCFA molecules to upregulate more transporters in their rectum and consequently had higher SCFA absorption than OWO individuals with lower faecal SCFA concentration. While within the LN group, the SCFA concentration may not be enough to upregulate as many transporters, and therefore this association did not exist. Vogt and Wolever 9 concluded from rectal infusion studies using a SCFA concentration of 100 mmol l − 1 that a mechanism other than simple diffusion might have a role in the absorption of colonic SCFA. This finding is comparable to our suggestion that the higher range of colonic SCFA concentration may result in a more efficient absorption.
A weakness of our study is that we measured SCFA absorption from the rectum, which may not represent that in the proximal colon where most SCFA are absorbed. However, the rectum is the continuation of the colon and was previously shown to contain the same SCFA transporters as the rest of the colon. 37 Moreover, we have shown that rectal infusion of SCFA increases serum SCFA concentrations 40 Thus, although differences in the transport rate between the caecum and the rectum might occur, there is a biological plausibility to extend our findings to the rest of the colon. Another weakness is that the validity of our results depends on the assumption that the disappearance of the SCFA from the dialysis bag represents rectal absorption, which could be criticised. However, studies that validated the technique to measure rectal mucosal transport in rats and humans, although not proven for SCFA, showed that only 5-9% of the labelled sodium that disappeared from the bag was recovered from the human lumen; they also showed that at least 90% of the bag's solution was absorbed. 18, 19 Dietary macronutrients may affect SCFA concentration either directly, as substrates for fermentation or indirectly, through their influence on colonic microbiota and thereby on the SCFA concentration. 41 Consistent with another study, 42 we found protein intake to be positively associated with faecal SCFAs. However, as protein intake was similar in the LN and OWO groups, it does not explain the higher SCFA in the OWO group. The only difference in dietary intake between groups was that fat intake (g per day) was higher in the OWO group. Fat is not a substrate for bacterial fermentation, although a small amount of dietary fat can reach the colon, 43 and animal studies suggest that high fat diets are associated with alteration in microflora, though not necessarily with altered SCFA concentration. 30, [44] [45] [46] However, we found no correlations between fat intake and bacterial phyla or between fat intake and SCFA concentration, suggesting that fat did not determine the higher faecal SCFA concentration in the OWO compared with the LN group. The findings of Teixeira et al. 7 were consistent with ours, showing no correlations between fat intake and faecal SCFA in lean and obese women. Fava et al. 47 showed in overweight individuals that a high monounsaturated fat diets did not change faecal SCFA, but that a high saturated fatty acid diet increased SCFA concentration. By contrast, Brinkworth et al. 48 found that an energy-restricted high-fat diet decreased the faecal SCFA concentrations in overweight participants compared with an energy-restricted low-fat diet. However, in the latter study carbohydrate and fibre intakes were extremely low in the highfat diet, which may make the results difficult to compare. Our study design, which included two visits for each individual, allowed us to investigate how changes within individuals' diets affect their faecal SCFA concentration. Interestingly, an increase in individual's energy, fibre or fat intakes from visit to visit was correlated with an increase in acetate within OWO individuals, but a decrease within LN individuals. These interactions suggest that LN and OWO individuals respond to changes in habitual diets differently, possibly due to differences in colonic bacteria between the groups. Different bacteria employ different metabolic pathways that may result in altered colonic SCFA. 42 However, there was no correlation between the bacterial changes and the SCFA changes (data not shown). Jumpertz et al. 49 also demonstrated that lean and obese individuals have differences in faecal energy losses when increasing their energy intake. The higher relative abundance of the Firmicutes was observed to be largely due to a higher relative abundance of the aggregated abundance of members of the family Erysipelotrichaceae (data not shown). Notably, members of this family are found in increased abundance in mice fed a high-fat diet. 50 The higher relative Firmicutes abundance and the higher F:B ratio were observed in the OWO group compared with LN, together with the positive correlation between Firmicutes and faecal SCFA (CHO-adjusted), and with the similar dietary intakes between the groups support the early hypothesis that the obese-microbiome is more efficient in harvesting energy (SCFA) from the diet. 4, 5, 30, 51, 52 We adjusted for carbohydrate because carbohydrates had strong negative association with Firmicutes. Although dietary fibre also had a strong association with Firmicutes, fibre was not a significant predictor when added to this model. Gut transit time can influence faecal SCFA concentration and colonic microbiota. 10,53-55 A reasonably accurate qualitative assessment of gut transit time is faecal consistency, 56 and, as faecal consistency was similar between the groups, we assume that differences in gut transit time did not contribute to the differences in faecal SCFA concentrations and colonic bacteria between the groups.
It is of note that measures of faecal SCFA and microbiota represent the status in the rectum and not other regions of the colon where most SCFA are produced. Thus, our results need to be interpreted with caution. It is possible that faecal SCFA and microbiota may differ in OWO subjects because of factors that we did not measure such as differences in the small intestinal absorption of nutrients, or in the rate of fermentation in the proximal colon resulting in different substrates reaching the distal colon, or other unknown causes.
We conclude that the higher faecal SCFA concentration seen in OWO compared with LN individuals is unlikely a result of differences in SCFA absorption or dietary intakes. The fact that increases in energy, dietary fibre and fat intakes within individuals were associated with an increased faecal acetate in OWO but a decrease in LN subjects may be explained by higher Firmicutes abundance and higher F:B ratio in OWO compared with LN subjects. These differences, together with the positive correlation between Firmicutes abundance and faecal SCFA concentration, are consistent with the hypothesis that OWO subjects produce more colonic SCFA than LN due to differences in colonic microbiota. However, larger studies looking at the effect of diet and colonic flora on faecal SCFA in LN and OWO participants are warranted.
